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BALLISTIC RESEARCH LABORATORIES j
MEMORANDUM REPORT NO. 2215

GPNeitzel/mjm

Aberdeen Proving Ground, MD
August 1972

A COMPUTER PROGRAM TO CALCULATE THE PHYSICAL PROPERTIES
OF A SYSTEM OF COAXIAL BODIES OF REVOLUTION

ABSTRACT

A computer program to calculate the mass, center of gravity location,

and moments of inertia of a system of coaxial bodies of revolution is

presented. The derivation of equations used by the program, instructions

for setting up inputs, and a sample case are also given.
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LIST OF SYMBOLS

a0 , a, Y-intercept and slope of a straight line, respectively

Icg transverse moment of inertia about the center of gravity

Ix ) Iy, z  moments of inertia about the x, y, and z a-:es

m mass

r, e polar coordinates used in transformation of y-.z plane

R radius of a circular arc

x, y, z right-handed, orthogonal coordinate system: cg center of gravity position along x-axis

S0)o , xf lower and upper bounds, respectively, of surface along x-axis
H¢ density

• r Subscripts

c coordinates of center of circular arc

i value for segment of body

t total value for body

u, 2 upper and lower surfaces, respectively

,F
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I. INTRODUCTION

When designing a projectile, one must consider not only the exterior

configuration of the body, but its physical properties as well, since

these will directly influence the flight behavior of the shell. By

physical properties we mean mass, center of gravity location and the

axial and transverse moments of inertia. It is possible to compute these

properties manually, but this task for a relatively complex projectile

is a very tedious one. The program described in this report (coded by

D. Solion) enables the designer to obtain accurate values for the physi-

cal characteristics of his designs with minimum effort.

Minimization of user effort necessarily implies some constraints.

However, the constraints to be applied must not seriously degrade the

ability of the program to handle complex bodies. With this in mind, one

major assumption was made in designing this program; namely, that objects

to be considered by this program will consist of coaxial bodies of

revolution only. More generalized programs are available which handle

the asymmetric case, but which also require more work on the part of
I*

the user

This report presents the derivation of the equations used by the

program and instructions for setting up the inputs. A sample case is

included for illustrative purposes. A complete listing of the program

with all subroutines may be found in the Appendix.

II. DERIVATION OF EQUATIONS

Consider an axisymmetric shell of uniform density (Figure 1) having

the x-axis as its axis of symmetry. The shell is bounded radially by rg

and ru (where r and ru are functions of x and r, H y. and ru = >u in

the x-y plane) and in the x-direction by x0 and xf (where x0 is not

necessarily located at the origin as shown in Figure 1).

*References are Zisted on page 21.
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A. Mass and Center of Gravity Location

In general, we know that for uniform density
2

m = f dm= p f f I dx dy dL.

Transforming the y-z plane to polar coordinates and setting the

limits of integration, we get

dy dz = r dr de,

m xf f2T YU r dr d6 dx,

which reduces to

M (y 2 v dx
x u )x
0

We also know that

x dm
Xcg= f dm

xf

xf 2 - ) x dx
x 0 u

ther efore, x 0cg xf (u2 - >, 2) dx

o 
/

To calculate the total mass and center of gravity location for a

composite body, we first calculate the mass and center of gravity loca-

tion for each section (mi. x ) and use the following relations:i cgi  Lm

1

Smix

cgi
x
cgt  m t

11



B. Moments of Inertia

The principal moments of inertia can be defined by2

I = P f (Y2 + z2) dx dy dz,

I = r f I 1 (x2 + z2) dx dy dz,Y

I ..= p f (x 2 + y2) dx dy dz,

where I, I, and I are the moments of inertia about the x, v, and z

axes respectively, For an axisymmetric body whose axis of symmetry is

the x-axis,

I =1.
y

1. \xia] Momlent of Inertia.

I = _ f f : (y? + z2 ) dx dy d7.
x

'ransforniing to polr coor,linatcs aiid setting linits of integration,

rl dr dO dx

x. ,

0
thecre foa e, Ix ;5- , I>

For a composite body,

I = )I
X X.

t I i

2. Transverse %loment of Inert ia.

:I =1I,

therefore,

2 ! I * 1 I_ K (2x- + y- + z-) dx d ' d:.

I = t f J" I ? dx dy dz + -f f (V + :2) dx dy dz

r x-2dx ddz+ -+ X

Tra!nsforming to polar coordinates and setting limits of integration,

12
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ly =+ P f Io2lly ux 2 r dr d8 dx,

x 00
+.' oIJ f u2 U ' x2 dx,

therefore, Iy = IQ I f y2 2
0

For a composite body, the total moment of inertia about the y (or z)

axis is given by

lyt - I

To get the total transverse moment of inertia about the center of

gravity, we use

I =I -t x 2
cgt Yt t cgt

llI. USE OF THE PROGRAM

As previously stated, this program assumes a system of coaxial bodies

o' -evolution. If the x-axis is chosen as the axis of symmetry, then the

:;urfa~cs of the body may be generated by rotating y Lfx) about the

x ;xis The origin is usually taken (a) at the nose, with the positive

x-aAs pointing rearward or (b) at the base, with the positive x-axis

pointing forward. The center of gravity is computed from the chosen

origin. As presently constructed, the program will handle two types of

functions; circular arcs and straight lines. Circular arcs are of the

form

y = Yc R4 _ (x - )2,

where (x c, y c) is the location of the center, and R is the radius. Some

care must be taken to insure that the quantity under the radical sign is

never negative in the applicable x-interval. (The quantity could go

negative near x-x! = R, due to round-off errors.) Taking the origin at

the nose will usually circumvent this prob:em.

1



St raight lines are of the fornm

V a + d1X

where ai and a arc the y-intcn-cpt and slope respectively. Associated
01

with cach function i ,an interval , (x,), X f withini Which it i-s aplpliCal)IC,

and the density, r, of the area lying imniudji telv be:low the funct ion vith-

in thc intervail

lFach function i s input on a ;npg] C dat :! clird. The calrd !1m;lY hemai'

i'1L WQ( :ITIV 01tOld p 1: lh :I i l : r f l!m g t 1 Ist a t lr

of I Ca'e. C.(>sc imay he Staicked. The, data cards arc, of thu ful linas

(Ce 1i "1.1 o l011 t .

1-I14



R. Straight Lines

Card
Columns Content

1-10 a0

11-20 a1

21-30 x
0

31-40 Xf

41-50 blank

51-60 p

61-78 alphanumeric code for identification of output

79 blank

80 2

Care should be taken to insure that the units of measurement used

for density are consistent with the units of length used on the drawing

from which the functions were derived.

The program prints out the input data, for checking purposes, as well

as the computed values of mass, center of gravity location, and axial and

transveise moments of inertia. The units of these computed values are

dependent upon the units of the input data.

IV. SAMPLE CASE

The sample case, shown in Figure 2, is the 105mm, HE, Ml artillery

projectile with M73 dummy fuze. The shape is rotationally symmetric

except for two fuze wrench slocs on the M73 which were ignored for present

purposes. The densities of the various materials which make up the round

are listed in Table 1.

LI
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Table I. Densities of Materials Used for Sample Case

Section Material Density

(lb/in 3)

Fuze Steel .2833

Body Steel .2833

Base Plate Steel .2833

Rotating Band Gilding Metal .3128

H.E. Filler Comp B .0549

Tabulations of input and output are shown in Tables II and III

respectively. A comparison of computed values with standard values is

given in Table IV. The computed values are in good agreement with the

standard values with the maximum error (+2.8%) occurring in the trans-

verse moment of inertia computation. Keep in mind, however, that these

standard values are the mean values of measurements taken on a sample

of production rounds whose actual shapes may vary slightly from

standard. This sample case was selected to give the reader an idea of the

degree of complexity which can be handled by the program. For known

shapes with known densities, the computation is nearly exact (within the

tolerance imposed on the integration routine).

17
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Table IV. Comparison of Standard and Computed Values for Sample Case

Quantity t In its Stand. Computed Error

Mass lb 33.0 33.087 +0.3

Center of Gravity in 12.264 12.291 -0.2
(from nose)

Axial Mom. 11)-in 2  79.488 80.453 +1 .2

Trans. Mom. lb-in 2  770.803 792.18 +2-8

r 20
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APPENDIX

DIMPENSIOm IC00 E40), XCI4OI, YC(40)q RC(40I, AO(40), AI(C) MAIN I
I XO( 801, XF(a0)1 R0(40), XUP(80)1 X(80# X t(8ClI FY (40, MN (401 MAIN 2
2 NFUN(40). XL(40) XU(4O) MAIN 3

COMMON XC, YC, RC, A0, Alt NUP, NLOv FLIP, ICOCE MA N 4
EXTERNAL FX MAIN 5
Pln3.14159265, MAIN 6

C MAIN 7
C INITIALIZATIONS MA IN 8
C MA IN 9

I ZFwO. MAIN 10
XmO. MA IN 11
AMI=O. MAIN 12
eemo0 00 A IN 13
AO(L =0. PA IN "4
Al (1 1=0. MAIN 15
XC(I) =0. MAIN 16
YC(I ) =0. MAIN 17
RCI 1 =O. MAIN 18
RO( I =O. MAIN 19
XC(I IQ0. MAIN 20
XF 11 =O. MAIN 21

C MAIN 22
C READ INPUT, REARRANGE IF NECESSARY9 AND PRINT OUT. MAIN 23
C MAIN 24

00 5 1=2,100 MAIN 25
READ (5,28) XCI1)I YC( I ),iRC I ),XOII ),XF II.RO II IACOOE(K)vK-1,21, MAIN 26R

1 ICOcE) I ) MAIN 27R
IF (IC0ODEIII.C.0) GO TO 6 MAIN 28
AACOCE=ACCDEII ) 0A IN 29
ABCOCIEACCDE (2) FAIN 30
IF (ICODE(II).NE.2) GO TO 2 MAIN 31
AO I J=XC I I MAIN 32
AlI II =YC I I MAIN 33
XF(II )=XO( I MAIN 34
XO(! I=RCII) 1A IN 35
XCI I =O. PA IN 36
YCII =0. FAIN 37
RC (I)=0. 1AIN 38
GO TO 3 MAIN 39

2 AO(I)-O. PAIN 40
All I )0. MAIN 41

3 IF (IGT.2) GO TO 4 MAIN 42
WRITE 16,311 MAIN 43w

4 WRITE 1(,321 AO(IIAl(1,XC( IIIYCIIItRCIII,XUIII,XF(II)IRO(II MAIN 44W
I AACCDEABCODE MAIN 45W

5 CCNTI NUE PAIN 46
N=20 MAIN 47
GO TO 7 MA IN 48 -_

6 N=I-I MAIN 49
7 WRITE (6,29) MAIN 50W

LI =N MAIN 51
ACOr)E II) =AACOCE MAIN 52
ACODE (2)1=ACOCE MAIN 53

C MAIN 54
C DIVIUE BODY INTO REGIONS USING BREAK POINTS. MAIN 55

C MAIN 56
DO 8 I=1,N MAIN 57
XI)=XO(II MAIN 58
JN N I MAIN 59

8 X(JI=XF II) MAIN 60

22



P~=~*NPAIN 61
NvNN MAIN 62
LslI MAIN 63
DO 12 IS1.N MAIN 64
FLOP-Oo VA IN 65
CALL PMIN [XNN.XPIIN9IT) MAIN 66
XBPIL IaXMIN MAIN 67
IF (I*EO1Il GO TO 9 MAIN 68
IF fX8P(L)eE0*X9P(L-I1I FLOP21*0 MAIN 69

9 J-0 M4AIN 70

00 10 Ksl*.N MAIN 71
IF IIT*EC.K) GO TO 10 MAIN 72
JZJ4 1 MAIN 73
XI JI -X(K) PAIN 74

10 CONTINUE MAIN 75
NNsNN-1 MAIN 78
IF (FLOP*EQ. 1.0) GO TO 11 PAIN 77

LuL+ 1 MAIN 78
11 CONTINUE 10. IN 79

IF (NN.EQ91) GO TO 13 0A I N s0

12 CONTINUE PAIN 81
13 CONTINUE MAIN 82

IF (Xtl)*EQ*XBP(L-11) Go TO 14 MAIN 83
XgPI .)-X (1) MAIN 84
GO TO 15 MAIN 85

14 L=L-1 MAIN 86
15 CONTINUE MAIN 87

XO(I XBP(l P1 AIN 88
XF(I1) =XPtLl MAIN 89
I1 MPA I N 90

16 1I-1 MAIN 91
x T 41(XB P ( I *xBP(IlI/2. M4AIN 92

K=1 MAIN 93
C PA IN 94
r SEPARATE REGIONS INTO LAYERS OF UNIFORM DENSITY. MAIN 95

C PA IN 96
00 19 J-1.LI MAIN 97
IF (XOJJ).GT.YTII).OR*rT(I).GT.XFIJI GO TO 19 MAIN 98
IF (RCEJP*EQ*O.) GO TO 17 PAIN 99
Fv(KI.YCIJI.SORT(RC(JISO?-I1I I t)-XCIJI )*'21.ACIJ).AL(JI*Xt(IJ I mblk100
IF IICOOE(J).NEo-I) GO TO 18 MAINICI
FYIKIrYC(JI-SORTIPC(jI**2-IxTi I -XCIJI I*02),AO(JI.A1(J)*XM 1 tAIN1OZ
GO TO 18 MAIN103

17 FYlK)=AOlJ).A1(J)VXT1 I) MAIN104
18 CONTIP~uE MA IN105

MN (K I z J MA 1N106
KzK# I MA IN107

19 C ONT INUE MA 1.408
K=K-1 MAIN1OI?

JJ=l MAINIIO
20 CONTINUE MAINiI

IF (K.EQ*Zl GO TO 22 P N.1
CALL PHAX (FYKXMAX,ITIMAN1
NfUlNlJJlWN( ITI MA INI14
ICODEIJJ)-ICOCE(1rI PA INI 15

C(, ?I lXz1,K MAIN1I7
IF (IIT.EU.IX ) GO TO 21 VAINIIa
J.J+ 1 PAINI 19
I Coo E i ICOOEI IIxP MA I N12O
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FY(J I=FY(Ix PAINIZI

PIN I = M (I X MAIN122

21 CONTINUe MA IN123

JJjJj*. P, .AI124

KPK- M PAIN125

GO TO 20 M 1N126
22 CONTINUE PA IN127

IF (FYI I.CTFY(2)l GC T, 23 M INI2R

NFLUNI JJ )-f",( 2) MAIN129
IICEIjjIICrEI;) IA INI30

NfUN( JJ 4 11 L:J (I) P A NI 31
I COoE I J .I IC 0C ( MAIN132

GO TO 24. PAIN133

23 t Ftl(JJ) W '( I I PLINI 34
ICCO E ( j i;z cfrfI I IP I 1, 3 5

.FLN| JJ.# 1) N 42 V I N 13 6
IC 0OE I JJ f I) 6 v c 1 2) M A IN1 37

24 C0 NT I N UE PIIN138

25 NUPN FULi? I I ) P AI N 130

f;VL) %f J -;. I I ' P I N. 140
XL I I )= -1!P II ! IN14 1
XU(I ):xflPll I ) MbINI1.2
IXL I s 0 14 t1 I f; 1423fLIP:0. MA I;i 4.3

C 0 A I 144
C IfqTEGRATE ROY SECC ION 10 f IND ,tSS, AND ACCuOULATIC-. P., 1N145
C "AI N 196

CiLL. R P ( IN I fX,F I ,XI- I X IJ( II 1' G- . I P AIfN 14 7

f LI , I ,(, P IN 14R

YP -X P4P I #R ( t :) P 1. I PA! 14 9

C p- A 11150
C INTER ATE PO) Y SI) 1IIN T I I N) r.G. I CA IO. t ! . 1

__ C P I NI 52

CALL RP&I'JI (IFXIIl .XLI11,XiJII, 1G.Vi-6),C.) I'.153
ILIP: 2.0 P AI'N154

XCGZF F I /f 1 PA I155
C PA IN)t 56

C I;7FGRATL E (o)Y SfC1 IO', T) I IIi) Axl. 1. FO N, Ah_ ACCUMULATE. t. IN1S7

C I 1 "q 15"3
CAl R ', I 1 F t 1 ,LI I) ,XU',( I. r1- ),C.) Wlt,5Q

F LIP 3 0 1A I I60
API Aw I O . PI -'O U I 'A I;P * M I N 61

C p A I I 62

C 1N I) cAl B,Y l-cI u; t, I I %0 1RAFSV( RSE POWLNI AND ACCbMULATS. E .PiI63

C L IN1 /
)4

( ALl I IP PF I * xr(I,* t I ), .'.( I n l '.' 41- ,1,0.) A I 16
2 r = I rI o 1 t - I I

L~R'Ii -'l; , V ; .1 ' "' j) I ( 1 -. ' , ) A I, I 7
( I !.Lb. J ) it C !(: .).P FAliN 16 P

I I L j 1 MA) N 16.P

C.0 1 25 MA N170

26 1 I1I P r 1 I171

IF (I .E.L L I Co' 10 27 P 'IN 172
(.0 T0 1% WAINI73

T C, I p 74
A .IC UL A I I, I(,CAI IC r 1)16 AjI 1i\SN'IRSE frCmNtJ. MI N 1 7'

i ; . J-if !/X PA I-177

C pt INI V4

1. P-W-"l Dlii L< Si4 TI ..t t',;, . I'.;u, T I w C . Mi INI O

d, Apr-



C "h IN181
WRITE 16,30) XM,CGPROJ.AMiIg,(AC0DE(liIIal,Z) MAINI82W
GO TO I MAINI83

C NAINL84

28 FORMAT 16F 1O.6.2&S,2 MINS
29 FORMAT 1/5Xi5H4 MASS%12Xs2HCG99X96HAE MOM, 7E,91TRANS fAOMlx,4HCGOEFMAIN186

1/) MA INLA?

30 FORMAT t'(2K,EI2.5I,3X,2A9I MAIN188
31 FORMAT (/fI#7x,lt-', 12XIHA,12E, IHX,12X*lHYV,12E, 1HR, 12X1HX,12E IHXMAIN189
l.9X,7HDENSITYIOE,8iICOIMENTS/6XLHCtl?X#lHI,12XIHCuI2XINC,2SEIHMAIN19O
20vI2XsIHF/ ) MAIN191

32 FORMA7 1114 98E136593X92A9) MAIN192
END NA1NI93-
FUNCTION FE IX) 0 193' 1
DIMENSION XC4401, YC14O), RC(40),p A01401# AI(4O)t XXC(4C1, Fx 2
1 ICOCE('.OI FE 3
COMMON XC. YC, RC. A0. At, NUP, NLO, FLIP, ICOCE FE 4
EXCINUP)=X-XC (NIJP) FE 5

XXC(NLO)=E-XC(NLC I Fy 7

IF (RCINLOI*E'.eO.) XXCINLO20o. FE x
IF (ICOOE(NUPlsECe-lI GO TO I FX

YUu(YCINUP),('qClNLPI$e2-XXC(NUP)0*2)*.54AOIUP)+Alit4up) ') ''2 FEX 10
GO TO 2 FX 11

I YUwIYC(NUPI-IRC(NUPIS*2-XXC(NUPI*21**O.5+AOINUPI.AUINUP)'X) '*2 FE 12
2 CONTINUE Fl 13

IF (ICODE(NLO),Er,,-1I GO TO 3 FE 14

YL.(YC(NLOI+ (RCINLO)e*2-XYC(NLOI**2 "0.54AO(NLI.AI(NLO)*EI ''2 FE is
GO TO 4 X 1

3 YLA(YC(NLO)-(RCINLOIS*2-XXC('dLOI''2 I'*O.5*AOUNLOI4AI(NLC)'E) "2 FX 17

4 CONTINUE FX 16
FX-YU-YL F X !9
IF IFLIPoEQO.. RETURN FX 20
IF (FLIP-2s) 5,6,7 FX 21

5 FXvX*FX FE 22
RETURN FX 23

6 FXKYU062-YLS02 FE 24
RETURN FX 25

7 FX.Fxo(xo*2) FE 26
RETURN FE 27
END FE 28-
SUBROUTINE RM6GIN IFEFI ,LL,UL,TOL,PCI * 221* 2

REAL LL RP8GN 2

DIM1PENSION A(9)q, B(91 RP8GN 3
00 1 1=1,9 RlwBGN 4

A( 10.RPBGN 5
I 6()0.RFPGN 6

XLELL RV8GN 7
FA=FX (EL) RPBGN 8
F'iFX lULl RIPBGN 9
HUL-XL PGJ
Al 1)=.5*H*IFA4F) R(PBGN11

lp;1 RPBGN12
1C0O R)PBGN13
IS R fMAGN 14

IF (PCeEQO.. GO 10 2 PGI
hiRITE 461l) HICvlA(I)9IULvi,) ROOGN16W

2 IC~1 R)'BGN17
3 HlaH RPBGN18

1u. 5*11 RPBGN19
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X uXL*H RPBGN20

supmO. R Po GN2 I
DO 4 [-1, IS RILIGNZ2
S uM - F X SU M R PO8G N 2

4 X=Hl.X RP'8GN24

IS'! S*IS RPB GN2 5

B(L)x.50(A(1)+H1*SUuI RP'8CN26

C -4. RP'bGN2?

co 1 ~, I p ROOGCN29
K aJo L A 10OGN29

8(K)(C*(J)A(J)/fCI*)RPOGN30

5 C&4.*C RDORGN31
IF ( PC.EC.O. G0 TO 6 RP.'N32
WRITE (6,11) .L iI , ( I ), 1- 1,9)I R IeGNP33h

6 CO0 7 JA1,!10 A )- CGN3'4
K -j + I R tdPCN3S
ABC =ABS~f( (j .(X )f~IBM klotkCN36
IF I ABC-IOL.1-1 .). I Go Qro 10 R t, BN3 7

If (ABC-TCL.LF.C.) 00( To 10 RPP,N39
7 CONT I NU P fVP(4N4

If ( IP*EC.6) GC TO 8 R 120N4 I

I I p + I R P'PGN42

SB I C -I C + R ,B0:N4 3

CO 9 J:i,9 A IBGN44
9 A(J)=P.(J) RftkGN45

IF I IC.LL.1OI Go TO 3 RO(* GN46
WRITE (6,12) R ?,e.G1147 w

10 Fl= (K) PIf4

RE TURN R "25N44

12 FORMAT ( 37pj A"RGIN rIC NWA CON4VERGE IN 10 STEPS.)I RFHGN52
END RkI3GN53-
SURROul10E PmAxf ( IN,IAX, J) s274* 3
DIPtNSION Y(5C01 PP'AX 2

fl AXzXI1 PIOAX 3

J:r1 P9kAX 4
DO 2 1 a 2 Pp A A 5

I XP6AX-X( 1 2 I,2Z P?'AX 6
P P1 AX 7

XPOAX=K( I) PlwAX 8
2 CON] INUE PP'Ax 9

RE TURN PIAX 10
f N r; PP'AX I1I-

SUfIROUTINE PMIN (K~fjqx~oN j) * 285* 4

1, Vt.N SI ON X ( 5:,' 0 P pI N ?

j = PW'IN I
m~ I N zX ( I Pl- IN 4

DO 2 1=29N P PIN 5
IF (XVIN-X(Il) 2,2tl PlPIN 6

1 p P,1N 7
XA' N ~1!)PPIN 8

2 CCNT INUE P F N 9
SE TURN P11IN 10

END PI'IN 11 -
C ENO

0 DAT A
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